Reinforced concrete structures in a marine environment suffer deterioration caused by the corrosion of reinforcement. Various research projects have investigated this problem, yet few evaluation techniques have been developed until now. In this study, a simulation model for deterioration of concrete structures due to chloride attack was constructed. This model combines chloride and oxygen penetration models and a reinforcement corrosion model, taking into consideration variations in concrete quality and the existence of defects such as cracks. By using the proposed model, it was possible to estimate the progress of reinforcement corrosion and the corrosion crack generation timing in concrete.
Introduction
Recently, the early deterioration of reinforced concrete structures has become a major problem. Reinforcement corrosion due to chloride attack can be considered as one of the main causes. Various research projects have investigated this problem. However, there have been few evaluation techniques until now because of the variations in the quality of concrete, which is a porous material. The fact that experiments on deterioration take a long time has also been a contributing factor for the limited amount of data obtained thus far.
In this study, construction of a simulation model for the deterioration of concrete structures due to chloride attack has been attempted. This model combines chloride and oxygen penetration models and a reinforcement corrosion model, taking into consideration variations in concrete quality and the existence of defects such as cracks. Through the proposed model, the authors aim to estimate the progress of macro-cell corrosion of reinforcement and the corrosion crack generation timing in concrete, under any concrete and environmental conditions.
Concrete model

Outline
Generally, concrete is composed of cement paste, water, pores and aggregate. The simulation of the concrete model in the program should be as similar as possible to the actual concrete for accurate and reliable results. The concrete model considered in this study is a two-dimensional reinforced concrete model as shown in Fig. 1 . In this model, pore and aggregate distribution, which determines the quality of the concrete, is modified by the distribution circular pores and circular aggregate, which varies depending on the mix proportions. In order to consider the effect of variations in concrete quality, the diameter and configuration of the circular pores and circular aggregate are randomly set in the model concrete (Yamaguchi et al. 2002) . In actual, concrete changes its properties with age, however, for simplicity in this research, the model is supposed to the concrete after sufficient curing time, and is not taken into account its time depending changes in its material property. The details of the concrete model are explained in the following sections.
Pore distribution
Obviously, the diameters of pores in concrete are random and range over several orders of magnitude. To modify the pore distribution in concrete, the following continuous function expressing the distribution of pore volume is used ( Shimomura et al. 1992) .
where V(r) = density of pore volume of concrete, V(∞) = total pore volume of unit concrete (m 3 /m 3 ), r = radius of pore (m), and B and C = parameters that depend on W/C.
According to their origin and characteristics, pores can be classified as macro pores, capillary pores and gel pores. Since capillary pores and macro pores are particularly relevant to the quality of concrete, the distributions of these two types of pores are considered dependent on W/C as shown in Fig. 2 (H. Uchikawa et al. 1991) . The two parameter values, B and C, used for each W/C are shown in Table 1 . These values have been determined taking into consideration both actual concrete data and the parametric effect in the penetration model described in section 3.3.
Aggregate distribution
Recent research shows a thin layer between the cement paste and aggregate, especially coarse aggregate, in concrete can more effectively explain the phenomena of chloride diffusion as well as capillary pores. This thin layer is called the interface transition zone (ITZ). In order to consider the effects of ITZ, coarse aggregates 5 mm to 20 mm in diameter are set randomly in the model concrete. The volume in concrete and the size distribution of coarse aggregate are determined by the mix proportion of the concrete. In this research, JSCE code values are used as standard values (JSCE 2002) . Total volume and size distributions are shown in Table 2 and Table 3 , respectively.
Relative water content
Additionally, considering the effect of the relative water content of the concrete on the deterioration process, some of the macro and capillary pores are defined as water-filled pores, while the other pores are defined as air-filled pores, as shown in Fig. 1 . An increase in relative water content means an increase in the number of water-filled pores. The relative water content of the concrete model is expressed by the ratio of water-filled pores to total pore volume. Consequently, the ITZ conditions around coarse aggregates are defined in the same manner as for pores, i.e. wet and dry ITZ.
In general, the interior of concrete has a higher relative water content than the surface (JCI 1996) . For simplicity's sake, the concrete model divides the concrete into two parts, an internal layer and an external layer, with the former having a relative water content 10% higher, and the latter a relative water content 10% lower, than the average water content of the concrete model, as shown in Fig. 3. 
Penetration model
Chloride penetration model
The penetration of chloride ions is one of the most influential factors for the corrosion of reinforcing bars. The actual penetration path of chloride ion into concrete is highly nonlinear. In this concrete model, however, it is simply assumed that chloride ions penetrate concrete through a straight path according to Fick's diffusion theory using a diffusion coefficient for the sound parts of concrete. If the straight penetration path crosses pores or coarse aggregates, the diffusion path and coefficient will vary taking into consideration the moisture of each pore or aggregate.
In the sound parts of concrete, the diffusion coefficient of concrete can be determined by the total volume of capillary pores. On the other hand, in water-filled macro pores and wet-ITZ aggregate, chloride ions are assumed Nominal size (mm) 25 20 10 5 2.5
Amounts finer than each laboratory sieve (square-opening) 100 90-100 20-55 0-10 0-5
The values are set randomly in the above ranges. to diffuse instantly. Consequently, in air-filled macro pores and dry-ITZ aggregates, chloride ions are assumed to diffuse along the circumference of each pore and aggregate, respectively, using the same diffusion coefficient as for sound parts. The penetration path of chloride ions is shown in Fig. 4 . In this simulation model, the reinforcing bar is divided into 1-cm-length sections as shown in Fig. 5 . For each section, a specific diffusion route that minimizes the diffusion time of chloride ions from the concrete surface to the reinforcement is determined. The following equation is used to calculate the diffusion time (Bazant 1979) .
Capillary pores Macro pores
where T = diffusion time of chloride ion to re-bar (sec),
, L = length of chloride diffusion route assumed in the model (m), C 0 = chloride concentration of concrete surface, C L = chloride concentration at threshold value of steel. Figure 6 shows the relationship between the diffusion coefficient of chloride ions and W/C, both for experimental values from an exposure test and the values estimated by this model (Takewaka 1998) . From the figure, it can be seen that good accuracy in the diffusion coefficient can be obtained when all of the effects of capillary pores, macro pores, and coarse aggregates are introduced in the model concrete.
Penetration model of oxygen
The penetration of oxygen also affects the progress of corrosion of reinforcement in concrete. Oxygen is assumed to penetrate into concrete through a straight route, the same as for chloride ions. In this case, oxygen is assumed to diffuse instantly in the air-filled macro pores and dry-ITZ aggregates, and to diffuse in water-filled macro pores and wet-ITZ aggregates with the diffusion coefficient in water as shown in Fig. 4 .
Based on the above assumptions, the oxygen diffusion path is determined so as to minimize the diffusion time from the concrete surface to each reinforcement section. Accordingly, the effective diffusion coefficient of oxygen in this model can be obtained using the following equation.
where Internal layer (+10%)
Surface layer (-10%) Steel
Effect of initial cracks
In concrete, cracks may be generated due to various causes, such as drying shrinkage, and thermal stress. Those wider than a critical width are likely to influence the penetration of the corrosion factors into concrete. To estimate the influence of crack width on the diffusion property of chloride ions, an experimental study was performed. In the experiment, a sliced mortar specimen having a crack was set in a diffusion cell test apparatus that consisted of two cells, one of which was filled with distilled water, and the other one filled with a 3% NaCl solution. Then, the concentration of chloride ions in both cells was measured periodically to calculate the diffusion coefficient of chloride ion in the mortar. Figure 7 and Table 4 show the calculated diffusion coefficient of chloride ion in relation to the crack width on mortar.
From the results, it was established that cracks less than 0.05 mm in width seldom affect diffusivity, whereas cracks with a width exceeding 0.1 mm greatly affect the diffusion properties of chloride ions.
To examine the influence of cracks, 5 types of cracks, shown in Fig. 8 , were assumed to exist in the concrete model. In this crack model, the existence of cracks is expressed by changing the diffusion coefficient. And normally, the diffusion path in the non-cracked model concrete is linear as described above. However, it may become bi-linear in the cracked model concrete as shown in Fig. 9. 
Corrosion model
Determination of anode/cathode area
It is well known that macro-cell corrosion tends to be the dominant type of corrosion of steel in concrete (Takewaka 1993) . In this model, the amount of steel corrosion is calculated based on the macro-cell corrosion theory. Namely, when the concentration of chloride ions exceeds the tolerance at any section, a corrosion reaction may start at that section, as shown in Fig. 10 . The propagation of the corrosion area is expressed by periodically checking at each section whether the corrosion reaction has already started.
Calculation method to estimate corrosion rate
The corrosion rate of each section is assumed to be controlled by either cathodic reaction or anodic reaction. Under the cathodic control shown in Eq. (4), the corrosion rate of the reinforcement is influenced by the supply rate of oxygen, which is necessary for the reaction in the cathode area:
On the other hand, under the anodic control shown in equation (5), the corrosion rate of the reinforcement is influenced by the consumption rate of the ferrous ions in the anode area. The consumption is also controlled by the supply rate of oxygen according to equation (6) ◇ Experiment □ Capillary pores (average of 10 cases) ▲ Capillary and macro pores (average of 10 cases) • Capillary and macro pores and aggregates 
The reaction rate of reinforcement in both cathodic and anodic control can be estimated with Eq. (7) and (8), respectively (JCI 1992).
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where, V C Fe2+ = reaction rate of Fe 2+ in cathodic control, V A Fe2+ = reaction rate of Fe 2+ in anodic control, C XO = concentration of oxygen in the air, A C = cathode area in the reinforcement, A A = anode area in the reinforcement, L XC = mean length of oxygen diffusion route in cathode area (m), L XA = mean length of oxygen diffusion route in anode area (m).
The smaller one of the two above values is to be used as the reaction rate. However, these values are continuously changing as deterioration progresses. Therefore, in this model, the reaction rate of each section is repeatedly checked and reset by comparing both reaction rates for every section of reinforcement. Using the reaction rate, the amount of corrosion loss generated by unit time can be obtained with Eq. (9). Moreover, the sum of loss on reinforcement is obtained with Eq. (10).
[ ]
where V Fe2+ = reaction rate of Fe 2+ ( smaller value for both V C Fe2+ and V A Fe2+ is used), C T = amount of corrosion in unit time, C V = sum amount of corrosion.
Effect of water content
Besides chloride and oxygen, water also has a large influence on the reinforcement corrosion reaction. In order to consider the effect of water, the amount of water included in the thin diffusion layer around the surface of the reinforcement is calculated using the following equation. 
where C' V = corrected sum amount of corrosion, W N = amount of sufficient water for C V .
Generation of corrosion crack
As the amount of reinforcement corrosion increases, concrete can develop cracks as the result of the expansive pressure caused by rust. In this simulation, the limit amount of corrosion that can cause cracks is assumed to be 0.02 g/cm 2 based on past research, under the following conditions: 50% W/C, 100% relative water content, 5 cm cover thickness, and 1.6 m reinforcement diameter (Takewaka 1984) . When the amount of corrosion in any section exceeds the limit, it is judged that corrosion Fig. 10 Progress of corrosion. Note: The diffusion coefficient means the value of magnifications against sound part. Table 5 Setting value for each environmental condition.
Location or distance from the sea ( 
Environmental conditions
Environmental conditions have a great influence on the durability of concrete structures. In the case of deterioration due to chloride attack, the worst conditions are usually found in sea areas. Therefore, in this model, as the environmental condition factor, the concentration of chloride ions at the surface of the concrete is determined according to the distance from the seashore of the structure. Table 5 shows the setting value for each environmental condition, inputted as C 0 in Eq. (2).
Input and output data
The parameters that must be input and the results of the simulation program are as follows. The input data are:
• Mix proportions of concrete (W/C, total volume of coarse aggregates)
• Relative humidity in concrete • Dimension of specimen (size of reinforcement, cover thickness, etc.)
• Initial chloride concentration inside concrete (if applicable)
• Distance from the seashore to the structure The output results of the simulation program are:
• Diffusion coefficient of chloride and oxygen • Corrosion start time • Corrosion crack generation time (lifetime of structure)
• Total amount of corrosion Figure 11 shows examples of the graphical output results in the case of the standard model and initial crack model. This graphic demonstrates the position of aggregates and pore inside concrete, the shortest diffusion routes of chloride, and the service lifetime of the structure. 
Simulation results
Effect of environmental conditions
Figures 12 and 13 show the simulation results for the corrosion start time and the corrosion crack generation time, respectively, under several environmental conditions and W/C. From these figures, we can see that the nearer the seashore, the more rapidly the deterioration of the concrete structure progresses. This agrees with the actual phenomenon. Additionally, the nearer the seashore, the less influence W/C has on the corrosion start time. In other words, the decrease in concrete durability due to chloride attack is greater near the seashore area, regardless of its W/C. Figure 14 shows the corrosion start time on each section of reinforcement. These figures also show the influence of the initial crack of concrete on the corrosion start time.
Effect of initial cracking
Here, the initial crack is located at the center of the model concrete (section No. 10 in Fig. 14) . From these figures, particularly at the sections around the initial crack, the existence of the initial crack does influence the corrosion start time. However, the effect of the initial crack tends to decrease as the W/C increases. On the other hand, in area more than 5 cm away from the crack section, the effect of the crack on reinforcement corrosion is hardly observed. Figure 15 shows the relationships between the average corrosion crack generation time and the initial crack width. Both seashore and splash zones were selected as environmental conditions. From these figures, we can see that the wider the initial crack width, the shorter the corrosion crack generation time. In particular, a drastic decrease in durability can be seen when the crack width exceeds 0.1 mm in the seashore zone, and exceeds 0.05 mm in the splash zone. Also, this tendency is more pronounced the lower the W/C. Figure 16 shows the results of a case study concerning the size distribution of aggregate. Here, four aggregate size distribution ranges are selected, 2.5 to 5.0 mm, 5.0 to 10 mm, 10 to 20 mm, and the distribution according to the JSCE code (5.0 to 20 mm) [JSCE] . In every case, the total volume of aggregate is the same. From this figure, we can see that the corrosion start time becomes longer with the use of smaller-size aggregate. This tendency can be more clearly seen in the lower W/C range. This phenomenon is considered to occur mainly due to the ITZ condition, which affects the diffusion of chloride ions into concrete. In the case of concrete that uses larger-size (1) W/C = 40%, Seashore, Relative water content = 80%
Effect of size distribution of coarse aggregates
(2) W/C = 70%, Seashore, Relative water content = 80%
Fig.14 Corrosion start time in each section for 5 cm cover thickness aggregate, the total ITZ area becomes larger and each ITZ easily connect with other one. This condition increases the diffusion rate of chloride ions under a high water content ratio, as shown in Fig. 16 . However, under low relative humidity, the opposite result may occur for same concrete.
Conclusions
In order to examine the durability of reinforced concrete members under chloride attack, the authors constructed a simulation model that includes a penetration model of corrosion factors and a corrosion model of reinforcement and variation in concrete quality. Using this simulation model, the progress of macro-cell corrosion due to chloride attack and the corrosion crack generation time were evaluated. Through the addition of studies on water transfer and oxygen diffusion in concrete, and extension of this model to a three-dimensional one, this simulation method can be made more effective for evaluating the durability of concrete structures. (1) Seashore, Relative water content = 80% (2) Splash zone, Relative water content = 80% 
